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Dipendu

Introduction
Controlled and sustained release of bioactive agents, including drug, enzyme and related materials is one of the major challenges of human health care and medical sciences. An active and direct drug administration may provide a very high (toxic) or very low (ineffective) drug concentration in physiological system 1 . Repeated dose of active drug may result its concentration profile a saw-tooth type that is also not effective 1 . Nanoporous materials have widely been employed in the controlled release of several drug and related materials. The drug delivery from nanoporous materials is controlled by the adsorption and desorption mechanism within the nanosized pores of the material. During 'loading' or adsorption of the drug, it is stored within the nanopores in molecular form whereas its release within the physiological media is controlled by the diffusion and thermodynamics of the system 2 . For aqueous soluble drugs, diffusion barrier helps to maintain the sustained release. In the case of aqueous insoluble drugs, the molecular storing mechanism helps to overcome the high crystallization energy and enhance their release rates. The other benefits associated with the nanoporous media driven drug delivery system could be counted towards its ability to float in the gastrointestinal (GI) system owing its lower bulk density 2 , 3 and protecting the biological payload from different types of physiological degradation agents, like enzymes or immune systems 2 .
The largest number of reports that incorporated porous materials as drug delivery agents are different kinds of mesoporous silica for multitude of drugs 4 13 , campthothecin 14 and mitoxantrone 15 were also successfully delivered from nanoporous carbons targeted towards blood plasma or transmembrane delivery. Our past research demonstrated that soft-templated mesoporous carbons can successfully maintain controlled release of four different drugs, captopril 16 , 17 , furosemide 17 , ranitidine hydrochloride 18 and antipyrine 18 , aimed towards oral drug delivery. As biocompatibility of drug carrier is the fundamental prerequisite for its application, recently, we have demonstrated that mesoporous carbons are biocompatible and its biocompatibility is confirmed with the help of cytotoxicity study by HeLa cells, cell viability by fibroblast cells and hemocompatibility by hemolysis and blood protein adsorption studies 19 .
As a continued effort towards successfully establishing the nanoporous carbons as passive and controlled drug delivery media, we have employed two different drugs based on aqueous solubility, indomethacin (aqueous insoluble) and antipyrine (aqueous soluble). Figure 1 (a) and (b) show the molecular configuration and geometric properties of these two drugs calculated by Spartan software. In order to investigate drug loading and release profiles, we have selected four different nanoporous carbons, two microporous and two other mesoporous carbons with varying specific surface area and pore widths. In order to target oral delivery, we have sequentially exposed the drug loaded nanoporous carbons in pH 1.2, 4.5, 6.8 and 7.4 in pre-determined time intervals to mimic the physiological conditions of stomach, duodenum, small intestine and colon, respectively 20 .
Area: 353.77 Å 
Experimental
Synthesis of micro-meosporous carbons
In order to synthesize the mesoporous carbons, we have employed previously employed strategy for phloroglucinol-F127 derived carbons 17, 18 . Typically, 5.0 g phloroglucinol and 4.0 g Pluronic F127 were dissolved in 17 mL water/24 mL ethanol mixture with 0.5 mL 36% HCl as catalyst and stirred for 30 minutes. After that, 4.8 mL 37% formaldehyde added as cross-linking agent and continued stirring for 1 hour. The reaction mixture becomes turbid and the polymer layer is separated from solvents by simple sedimentation and aged for few days at room temperature. It is then put in a porcelain boat and carbonized in a tube furnace in N 2 atmosphere with the following temperature profile: room temperature to 400°C at 1°/min, 400°C to 1000°C at 2°C/min and keeping in final temperature for 5 minutes followed by cooling down to room temperature in the N 2 flow. This material is named as meso-C1. To activate this mesoporous carbon, it is ground and mixed with solid KOH in 1:3 ratio and heated in N 2 upto 1000 °C at a ramp rate of 10°C/min and cooling down to ambient temperature in N 2 flow. The activated mesoporous carbon is termed as meso-C2. In order to synthesize microporous carbons, we have employed polymerized furfuryl alcohol as carbon precursor. Typically, 20 mL furfuryl alcohol is ice cooled and 10 mL 0.19 g p-toluidine sulfonic acid in 10 mL tetrahydrofuran is added onto it dropwise over the time of 30 minutes as polymerization inducing agent. The stirring is continued overnight to enhance the degree of polymerization till it reaches a dark green to black colored viscous material. It is carbonized in the tube furnace in the same N 2 flow upto 1000 °C at 10°C/min and cooled in the same N 2 atmosphere. It is then mixed with solid KOH in 1:3 ratio and heated in the same fashion that of meso-C2. The resultant carbon is termed as micro-C1. In order to obtain another high surface area carbon, we have obtained a commercial chemically activated porous carbon from ACS Material ® . It is washed with DI water several times and termed as micro-C2.
Characterization of micro-meosporous carbons
The porosity of the nanoporous materials are obtained by N 2 adsorption-desorption at 77 K and CO 2 adsorption-desorption at 273 K in Quantachrome Autosorb iQ porosity and surface area analyzer. Porosity data including Brunauer-Emmett-Teller (BET) specific surface area and pore size distribution by non-local density functional theory (NLDFT) are calculated within the software of instrument. The transmission electron microscopic (TEM) images were captured in Carl Zeiss Libra 120 TEM microscope operating at 120 kV. The samples were dispersed in ethanol by ultrasonicating at 0.5 wt.% concentration and drop-casted on the amorphous carbon coated TEM grid (Ted Pella). The scanning electron microscopic (SEM) images are obtained in Carl Zeiss Merlin SEM operating at 30 kV. No additional sample preparation were employed for SEM, as-received samples were directly put on the SEM stand.
Cytotoxicity and mucoadhesive properties
For this particular study, cytotoxicity studies were performed on E. Coli cells with a standard protocol. Typically, the porous carbon samples were ground in a mortar and pestle and 10 mg of carbon powder were added to 0.5 mL ethanol (95%) and sonicated for 10 minutes. The dispersion was added to the E. Coli suspension with carbon concentration of 50, 300 and 500 µg/mL along with a control sample without any carbon material. All the carbon-seeded and control bacterial samples were incubated for 24 hours and then bacterial concentrations were monitored by standard dilution and plating method and measured in triplicate. In order to facilitate imaging, trypan blue stain was added to the cells and the images were captured in an olympus bx-40 microscope with 1,000x magnification in transmitted light mode.
Surface adsorption of mucin is an indirect measure of mucoadhesive properties of the drug carrier media 21 , 22 . In a typical experiment, 20 mg of pure carbons samples were stirred in a 20 cm 3 500 ppm mucin (Sigma-Aldrich, extracted from pork stomach, type III) solution in DI water for 12 hours at 37 o C. After that, the carbon particles are separated by filtration and the concentration of the mucin in the residual solution is measured to calculate the mucin adsorption by the carbons. All the mucin concentrations are measured by standard Bradford protein assay at 595 nm wavelength in a Thermo-scientific GENESYS 10S UV-Vis spectrophotometer. The mucin adsorption amount is calculated as: Adsorption % = [(Initial mucin -Final mucin)/Initial mucin]X100%
Drug loading and delivery
For indomethacin, nanoporous carbons (except for micro-C2) and pure drug were stirred at 6.5:1 ratio in 120 mL ethanol overnight and the carbons were separated from solvent by simple filtration. Because of high surface area and high loading of Micro-C2, the ratio was set to 1:1. Antipyrine was loaded by stirring carbon and pure drug in 3:1 ratio in DI water overnight and separated in the similar fashion. In order to measure the drug loading amount, 2 µL of elutant drug solution is mixed with either 20 mL ethanol (for indomethacin) or DI water (for antipyrine) and measured in Thermoscientific GENESYS 10S UV-Vis spectrophotometer against a pre-calibrated chart. The separated carbon materials are quickly washed with respective solvents to remove accumulated drug from the surface.
In order to visualize the presence of adsorbed drug molecules within the porous carbon moieties, thermograms of drug decomposition at high temperature are measured in the TA instruments' SDT Q600 instrument in N 2 flow. The thermograms of derivative wt.% of drug loaded carbons are compared with pure drug.
The media for the release experiments were composed of pH=1.2, 4.5, 6.8 and 7.4 for 3, 1, 3 and 5 hrs, respectively, representing physiological conditions of stomach, duodenum, small intestine and colon 20 . For all release experiments, the temperature of release medium was set to 37 °C to simulated body temperature. The medium with pH 1.2 (simulated gastric fluid, SGF) was formulated by mixing DI water with 1% NaCl and pH adjusted by HCl (without pepsin). The pH of the rest of the media was adjusted by HCl only without any enzyme. To perform the release experiments, drug loaded carbons were brought in contact with respective physiological media in 0.2 g dose/50 mL media (for indomethacin) or 0.1 g dose/50 mL media (for antipyrine). The stirring speed for pH=1.2 medium was 150 rpm whereas it was to 50 rpm for rest of the media 20 . For all the samples 3 cm 3 of sample was taken out and immediately replenished with similar media. For micro-C2, an additional filtration was employed to separate the fine carbon particles before analysis. For indomethacin release experiments only, 3 cm 3 of release medium is mixed 1 cm 3 of ethanol (200 proof) before measuring the concentration in the UV-Vis spectroscope. All the concentration in the UV-Vis measurement was calculated based on a pre-calibrated chart, prepared for each kind of release media. Owing to the high concentration of released antipyrine in Micro-C2/antipyrine release experiments, 100 µL of release medium is mixed with 2 cm 3 of pure release medium (diluting) before measuring it in the UV-Vis.
Results and Discussion
Materials Characteristics
The pore textural properties including BET specific surface area are calculated by analysing N 2 adsorption-desorption isotherms at 77 K. The N 2 adsorption plots are provided in Figure 2 . The large The scanning and transmission electron microscopic images (SEM and TEM) are provided in Figure 3 and Figure 4 . The size of mesoporous carbon samples are larger and in the order of 1400-1500 µm. The size micro-C1 is particles are smaller, about 500 µm, whereas the smallest particles belong to micro-C2, which are in the range of 5-12 µm. The pores that in the order of nanometers are clearly observed for meso-C1, meso-C2 and micro-C1 (Figure 3 (c) , 
Toxicity studies
The cytotoxicity results in three different carbon concentrations of 50, 300 and 500 µg/mL on E. Coli cells are shown in figure 5 and representative light microscopic images on each type of nanoporous carbon samples are shown in Figure 6 (a)-6(d). Although we could not locate any trend in bacterial survivor rate with the properties of nanoporous carbons, the results do not correspond to toxic behavior of the carbons. Meso-C1 and Meso-C2 demonstrated slightly lower surviving rate compared to control or blank sample in the lower concentration of 50 and 300 µg/mL and Micro-C2 demonstrated similar trend for 300 µg/mL, but the other concentrations do not corroborate such trends. In the higher concentration, Micro-C1 and Micro-C2 samples depicted even higher surviving rate compared to the blank sample. The higher survivor rate compared to blank sample could be attributed to the fact that bacterial cells preferred the nanoporous carbons as better substrate media to grow and multiply compared to petri-dish; the microscopic images also confirmed that bacteria cells could accumulate surrounding the carbon particles. Positive growth of E. Coli bacterial cells compared to control is also observed in literature 23 that reported the survival of bacterial colony in contact with TiO 2 nanoparticles and two polymeric materials, tri-noctylphosphine oxide (TOPO) and Brij-76. It was attributed to the Although the exact nature of interaction between carbon particles and cells requires much more detailed and controlled study, it can be concluded that the nanoporous carbon samples did not possess significant toxicity to the cells. 
Mucin adsorption results
Mucin adsorption results for four types of carbons are in the range of 20-30% and showed in Figure 7 . The pattern clearly suggests that mucin adsorption increases with the increase in BET surface area (refer to table 1). The other reason of higher mucin adsorption in high surface area carbons may be attributed to the surface affinity. All the three carbons, meso-C2, micro-C1 and micro-C2 were chemically activated with KOH to enhance the surface area. KOH activation essentially introduces some oxygen functionality on the carbon pore. Such oxygen containing functional groups may form Figure 8 represents the loading or adsorption amounts of indomethacin and antipyrine in different nanoporous carbons. The general trend is that the loading amount increases with the increase in surface area. The highest loading is confirmed by micro-C2 for both indomethacin and antipyrine (around 78.8 ± 0.1 %) that has the largest BET SSA, whereas the smallest uptake is manifested by meso-C1 (6.33 ± 0.3 %, for indomethacin; 12.6 ± 0.35 %, for antipyrine) that has the lowest surface area. The minor deviation in Figure 8 . Drug loading amount in carbon samples such trend occurred for indomethacin and antipyrine adsorption in micro-C1. Although the micro-C1 has slightly higher BET SSA than meso-C2 (761 m 2 /g versus 641 m 2 /g ) it adsorbed slightly lower amount of both drugs compared to the other. Most likely, the higher pore volume of meso-C2 helped to accommodate greater number of molecules of the drug or the presence mesopores in meso-C2 facilitated the transport of the drugs to the micropores. Amount of indomethacin (or antipyrine) uptake by micro-C2 is the largest uptake reported by any porous material, reported so far. In the past study by Karavasili CMK-3, loading amount of indomethacin was around 15 %, which is similar to that of meso-C2 sample in this study (12.23 ± 0.17 %).
drug loading and release characteristics
In order to visualize the location of drug loading sites, we have analyzed the differential pore size distribution plot of pure and drug loaded carbons (Figure 9(a)-(e) ). Although the outgassing conditions o C/24 hours) were not as stringent as pure carbons (300 o C/3 hours) and the drug loaded carbons might also contain few water or ethanol molecules trapped in the narrower pores, such analysis will provide the qualitative view of the pore occupancy by drug molecules. Despite the size of indomethacin is much larger compared to antipyrine (as reported in Fig 1(a) and (b) ), indomethacin did not occupy any of the mesopores in meso-C1 and meso-C2, unlike antipyrine that occupied both types of pores. Such anomalous behavior may be attributed to the localized interactions of indomethacin with carbon pore wall, influence of functional groups on the pore and possible orientation and bending of the molecule in the narrower pore space. For micro-C1 and micro-C2, we found that all the pores are partially filled by drug molecules. The largest pore filling of micro-C2 by both indomethacin and antipyrine is clearly correlated with its highest loading capacity (~78%). Unlike rest of carbon samples, micro-C2 possessed the continuous pore widths from 4 to 40 Å. We believe that such hierarchical pore distribution strongly influence that well-facilitated transport of the drug molecules and ultimately help it be adsorbed into the pores.
The comparisons of thermograms of drug loaded carbons with pure drug (Figure 10(a) and 10(b) ) clearly showed the presence of drug within the porous carbon moieties. The decomposition peak of pure antipyrine appears around 303 °C, but the peak temperature is shifted around 30 °C more towards the higher temperature side for all antipyrine loaded carbons that may be attributed to the confinement effect in the nanosized pores. For pure indomethacin, the largest peak appears at 328 °C with a very small peak at around 370 °C. In indomethacin loaded carbons, both the peaks became prominent and the shift of peak temperature was much larger compared to antipyrine. Intuitively, the confinement-effect as a function of carbon pore size and geometry of drug molecule in accordance with the surface functionality of carbon pores plays the key role in decomposition temperature profile. Further insights onto the precise role carbon pores in confining a particular drug molecules requires much more elaborate study that is beyond the scope of this work.
The release profile of indomethacin in SGF (pH=1.2) and at 37 °C is shown in Fig 11(a) . The release rate of drugs from all the nanoporous carbons is faster than pure indomethacin formulation, clearly depicting the beneficial role of nanoporous carbons. Such faster release of Indomethacin is similar with that of submicron sized mesoporous carbon particle synthesized by hard-templating method 24 . Although in our experiment, we found that the release rate reached the saturation level in the time interval of 1 to 3 hours, distinctive saturation time of indomethacin release was reported for different types of formulations. Saturation time was as low as 10 minutes for two types of hard-templated mesoporous carbons 11, 24 . The time to reach the saturation level was over 8 hours for chitosan coated hydrogen formulation 25 and 15-20 hours for cross-linked chondroitin in rat cecal material 26 or amino functionalized and carbopol coated MCM-41 in SGF 27 . Figure 11 . Indomethacin release profile in simulated gastric fluid (SGF) (a) and a combined release profile representing the complete gastro-intestinal (GI) tract (b) All the release experiments were performed at 37 °C.
In order to simulate the release profile of indomethacin loaded nanoporous carbons in the rest of GI tract, we have extended the release experiments in following pH of 4.5, 6.8 and 7.4 at 37 °C and in total 12 hour along with the comparison with pure indomethacin (Fig 11(b) ). Such a complete comparison of drug release profile in a varying pH to simulate the entire condition of gastro-intestinal (GI) tract is very rare in the literature 20 and, most likely, does not exist for indomethacin and antipyrine. We found that all the nanoporous carbons that apparently reached the saturation level, continued to release indomethacin for 10-11 hours up to pH=7.4. Most likely, the drug molecules that were adsorbed far inside the pores or narrower pores and within the highest adsorptive force and released in the late period. We found that release from pure indomethacin also leveled off within 10-12 hour period. Indomethacin release from amino functionalized and carbopol coated MCM-41 was 5-8 hours 27 in pH 6.8. The same release rate was 3-10 hours in pH 6.5, 6.8 and 7.2 for methacrylate loaded formulation 28 or 10-15 hours for thermoresponsive polyvinyl alcohol or polyacrylic acid 29 in pH 7. In few instances, the release rate was extremely slow and in the order of days. The release of indomethacin was 20-30 hours from diatom silica 30 in pH 7.4 and over 10 days from nanocomposites of silica gel 31 . It also took over 15-20 days to reach the saturation level for PEG coated zirconia particle in simulated body fluid (SBF) 32 . The high release time for porous media may be attributed to the accumulation of drug in crystalline form on outside or in macropores that took elongate time to gradually dissolve or leach out in the release media for the extended interval of time. For the polymeric formulations, the cause may be far more complicated, it can be related to polymer-drug interactions or entrapment of drug by polymer layer. It can be clearly stated that, for oral delivery of a poor soluble drug like indomethacin, the release rate should be designed as fast as possible in order to benefit the high rate of dissolution and absorption in the GI tract.
Release experiment of antipyrine in simulated gastric fluid (SGF) at 37°C (Figure 12(a) ) reveals that all the nanoporous carbons release almost 90% of saturation level within an hour and gradually reached the saturation level in over two hour period. 35.5 °C, but quite faster than that from lignin derived mesoporous carbons 18 .
The complete release profile of antipyrine in all the four pH values at 37°C is shown in Figure 12 (b). Unlike release pattern in SGF, micro-C2 sample maintained the sustained release for the longest interval of time, upto 8-9 hours. There is no significant difference in the release patterns amongst rest of the carbon samples, they reached the 90-95% of saturation level in five hour period. The reason of bestsustained release pattern of micro-C2 can most likely be attributed to the largest drug uptake and variable pore width, as observed in Figure 9d . Most likely, it started to dissolve from largest pore and eventually reached the narrower pores at the end of the release pattern. Additionally, the narrower pores exerted the strongest adsorptive force on the drug molecules resulting its release mostly delayed. Such release profile is more delayed than that from porous silica in pH 7.4 reported by Salonen et al. 33 . Release of antipyrine was as high as 6 hours from organogels in simulated intestinal fluid 34 . It is also reported that release of antipyrine was delayed as much as 6 to 11 hours in different release media by employing the swollen gels of hydroxypropyl methyl cellulose of (HPMC) 35 or other microcrystalline cellulose compositions 36 . Such evidence suggests that compositing of nanoporous carbons with polymeric materials may improve its performance for the sustained release of hydrophilic drugs.
Conclusions
In this phase of research, we have employed four types of microand mesoporous carbons for the controlled release purposes of two model drugs, indomethacin (aqueous insoluble) and antipyrine (aqueous soluble). The micro-mesoporous carbons were characterized with BET surface area and pore volume that are in the range of 372-2251 m 2 /g and 0.63-1.03 cm 3 /g, respectively. Neither of the carbon samples demonstrated significant toxicity in the bacteria culture studies. The drug loading amounts were 6-78%, where the highest amount of drug loading was manifested by micro-C1 that possesses the highest BET surface area and pore volume. The drug release experiments were performed in SGF and in three other different media with varying pH and residence time to mimic the physiological conditions of actual gastrointestinal (GI) tract. Both the carbons demonstrated sustained release profile that confirmed that these materials can be employed as potential drug carriers.
